Nineteen species of Sminthopsis currently are recognized, making this genus the largest within the family Dasyuridae (Menkhorst and Knight 2001; Strahan 1995) . Commonly known as dunnarts, they are small (body mass of adult males from 10 to 70 g), predominantly insectivorous marsupials found in Australia, New Guinea, and the Aru Islands. The species are S. aitkeni (Kangaroo Island dunnart), S. archeri (chestnut dunnart), S. bindi (Kakadu dunnart), S. butleri (Butler's dunnart), S. crassicaudata (fat-tailed dunnart), S. dolichura (little long-tailed dunnart), S. douglasi (Julia Creek dunnart), S. gilberti (Gilbert's dunnart), S. granulipes (whitetailed dunnart), S. griseoventer (gray-bellied dunnart), S. hirtipes (hairy-footed dunnart), S. leucopus (white-footed dunnart), S. longicaudata (long-tailed dunnart), S. macroura (stripe-faced dunnart), S. murina (common dunnart), S. ooldea (Ooldea dunnart), S. psammophila (sandhill dunnart), S. virginiae (red-cheeked dunnart), and S. youngsoni (lesser hairy-footed dunnart). Twenty-one species are listed by Groves (2005) but 2 of these, S. boullangerensis (Boullanger Island dunnart) and S. fuliginosus (sooty dunnart), are not generally recognized. S. boullangerensis, described as a subspecies of S. griseoventer by Crowther et al. (1999) , was elevated to specific status by Groves (2005) . However a recent reevaluation of its taxonomic status by Start et al. (2006) recommends that it not be accorded even subspecific status. S. fuliginosus may be synonymous with S. griseoventer (see remarks by Crowther et al. [1999] ).
Some of the widespread species show geographical variation in anatomical characters and this has led to the recognition of subspecies. They include, S. crassicaudata crassicaudata and S. c. centralis; S. leucopus leucopus and S. l. ferruginifrons; S. macroura macroura and S. m. froggatti; S. murina murina and S. m. tatei; and S. virginiae virginiae, S. v. nitela, and S. v. rufigenis (Strahan 1995) . Tate (1947) recognized 10 species of Sminthopsis and he made the 1st attempt to consider interspecific affinities within the genus, allocating the species to 2 divisions (see below) on the basis of external, cranial, and dental characters. Archer (1981) , in conjunction with his revision of the genus, also examined affinities between the 12 species that he recognized. He placed the species in 4 groups (see below), using a cladistic approach based on an analysis of external, cranial, and dental characters. Together with the description of a new species, Van Dyck et al. (1994) placed the species in 5 groups (see below). Subspecies boundaries also have been investigated using molecular data (Blacket et al. 2001 (Blacket et al. , 2006 Cooper et al. 2000) .
Among dasyurid marsupials the morphology of the penis has been found useful in the elucidation of generic and interspecific affinities (Woolley 1982 (Woolley , 1984 (Woolley , 1987 Woolley and Webb 1977) , especially with respect to a group of 12 species once considered to be members of a single genus (Antechinus) but now recognized to represent 4 genera (Antechinus, Pseudantechinus, Parantechinus, and Dasykaluta). In addition, some species have been found to have accessory erectile tissue derived from the corpus cavernosum (e.g., Pseudantechinus). Here affinities among the species of Sminthopsis, based on this previously unstudied morphological character set, have been assessed and the conclusions examined for congruence with the results of other studies, especially those based on molecular data.
MATERIALS AND METHODS
Many of the species of Sminthopsis are rare and some are found only in remote areas of Australia and New Guinea (Fig.  1) . Much of the material acquired for this study was obtained opportunistically in the course of faunal surveys by others, but the need to obtain adult males led to the ''rediscovery'' of 1 species, S. douglasi (Woolley 1992) , and to it being bred in captivity (P. A. Woolley, in litt.). Some specimens were obtained from colonies maintained at La Trobe University for studies on reproduction, and some S. crassicaudata from a colony in the Genetics Department, University of Adelaide, Australia. A small number, including three S. crassicaudata, one S. douglasi, two S. macroura and one S. virginiae were captive-bred animals. Some of the males obtained from obtained opportunistically were kept at La Trobe University until they reached sexual maturity, as evidenced by the onset of spermatorrhoea. The reproductive status of penis donors whose history was not known was assessed by histological examination of the testes and by the size of the prostate and bulbourethral glands. In mature individuals spermatogenesis was occurring and the prostate and bulbourethral glands were well developed, with zonation of the prostate evident (see Woolley 1990) .
Penis specimens removed from freshly killed, frozen, or preserved animals were straightened to remove the sigmoid flexure assumed when the penis is retracted and measurements then were taken of the length of the penis (from the union of the crura to the end of the tip) and the length of the levator muscles (from the union of crura to the distal end of the muscles). Penis specimens were photographed and the fresh specimens then preserved in either 70% alcohol or aqueous Bouin's solution. Serial sections of the entire penis were cut at 10 lm from at least 1 specimen of each species. All sections were mounted and alternate slides in the series stained using hematoxylin and eosin, and Masson's trichrome stain. Tissue samples for molecular studies were collected from many of the freshly killed animals and voucher specimens deposited in museum collections.
Photographic prints of the dorsal and ventral aspects of the penis of each species were used in conjunction with preserved specimens to study the external anatomy of the penis. To facilitate comparison between species of the length of the levator muscles and the form of the tip, the length of the penis was standardized in the prints. To assist in the analysis of the internal anatomy, a drawing microscope was used to project the sections to make outline drawings at 32Â magnification of sections 250 lm apart. Additional sections were drawn where required. The drawings were used to prepare scale diagrams of the outline of the free portion of the penis and the form of the corpora cavernosa within it. The basic anatomy of the penis and associated musculature in dasyurid marsupials has been described by Woolley and Webb (1977) and their terminology is followed here.
Six characteristics of the penis were identified as criteria for grouping species into forms defined by the overall similarity of their states. When coded for independence, these resulted in 5 phylogenetically informative characters. Parsimony analyses were performed on these characters with the PARS program of PHYLIP 3.66 (Felsenstein 2006) , using either the 19 species or the 10 forms as operational taxonomic units. Character states were treated as unordered and unpolarized because we had no biological basis for making either assessment for any of the characters. Patterns of character evolution on the resulting trees and other phylogenetic hypotheses were examined by estimating ancestral character states with MacClade 4 (Maddison and Maddison 2002) . We chose to focus on the tree of Van Dyck et al. (1994:314, figure 5 ), rather than that of Archer (1981) , because the former included more of the currently recognized species. However, it did not include S. gilberti, S. dolichura, and S. aitkeni so these species were added to the tree at positions most consistent with the penis data, placing S. gilberti as the sister of S. murina, S. dolichura as 1 branch of a trichotomy with S. murina-gilberti and a clade of 6 species including S. macroura, and S. aitkeni as sister to S. griseoventer. We removed Antechinomys laniger from the tree of Van Dyck et al. (1994) , on which it appears as sister to S. longicaudata, because Blacket et al. (2001) found that A. laniger was excluded from a clade of all Sminthopsis and Ningaui species. Penis morphology of A. laniger (P. A. Woolley, in litt.) also suggests that it is unrelated to Sminthopsis.
RESULTS
The penis was dissected out of 74 specimens and the free portion only of the penis of another 3 specimens (1 S. longicaudata and 2 S. psammophila) was examined in situ (Table 1) . No variability within species was detected. At least 1 reproductively mature individual of each species was obtained. Locality of collection for all specimens, upon which allocation of some to subspecies was based, is presented in Appendix I.
External anatomy.-The ventral aspect of the penis of a mature representative of each species (Fig. 2 ) is illustrated, with particular reference to the levator muscles and the form of the tip, by means of an outline drawing prepared from a photograph of the penis. The ischiocavernosus muscles (covering the crura), bulbospongiosus muscles (covering the bulbs), retractor muscles, and the penis vein muscle are not shown. The specimens illustrated were all reproductively mature but only some were known to have mated. In animals that have mated the muscles associated with the penis are generally somewhat hypertrophied and this is especially noticeable in the width of the levator muscles (P. A. Woolley, in litt.), but no other differences are seen. For others, with knowledge of the breeding season for the species and the date of capture of the specimen, the likelihood of them having mated could be assessed. Mating history is indicated beside the specimen illustrated (Fig. 2) .
The length of the penis ranged from 9 mm in 1 of the smaller species (S. youngsoni) to 15 mm in the largest (S. douglasi). The paired levator muscles are long, extending 45-60% of the length of the penis. They arise on the crura and terminate on the shaft of the penis proximal to the attachment of the preputial skin. The tendons of the levator muscles arise mesially, fuse shortly after their origin, and insert onto the tunica albuginea of the corpus cavernosum in the free portion of the penis.
The muscles are broad relative to the width of the shaft of the penis.
Differences between species can be seen in the external anatomy of the tip of the penis and there may be a subterminal skin fold in the flaccid state. Ten forms can be recognized and the species have been grouped accordingly (Fig. 2) . In form 1 (S. bindi, S. crassicaudata, S. douglasi, S. macroura, and S. virginiae) the tip is slightly bifid and there is a skin fold on the ventral surface. The tip becomes bifid about halfway between the base of the skin fold and the distal end of the penis and at the point of bifurcation there is a small, ventral median lobe. In form 2 (S. hirtipes, S. ooldea, and S. youngsoni), as in form 1, the tip is slightly bifid and there is a ventral skin fold. A broad ventral lobe overlying the tip partly conceals the bifid portion. Form 3 (S. gilberti and S. murina), as in forms 1 and 2, has a slightly bifid tip, but the lobe overlying it is narrow and the skin fold extends to the dorsal side of the penis (see Fig. 3 ). Form 4 (S. archeri and S. butleri) has a ventral skin fold and like forms 1-3, a slightly bifid tip. There is a distinct crease between the base of the skin fold and the beginning of the bifid portion, but no lobe between or overlying the bifid portion. Form 5 (S. aitkeni and S. griseoventer) has a blunt tip and a ventral skin fold that lies very close to the distal end of the penis. Forms 6-10 each characterize a single species. In S. dolichura (form 6) the tip is blunt and the skin fold extends around the tip of the penis (see Fig. 3 ). In S. leucopus (form 7) the tip is knoblike and the surface highly creased in the flaccid state, and there is no subterminal skin fold. S. granulipes (form 8) is unique in having a tapered median process at the tip (see Fig. 3 ), and there is no skin fold. The median process extends beyond what would otherwise be considered to represent a blunt tip. S. longicaudata (form 9) has a bifid tip and a ventral skin fold but differs from other forms with a bifid tip in that the length of the bifid portion extends from the base of the skin fold to the distal end of the penis. S. psammophila (form 10) has a blunt tip and no skin fold. These last 2 species differ from all other species of Sminthopsis with respect to details of the internal anatomy of the tip (see below). The free portion of the penis in all species is covered with minute epidermal spines. No differences in any features were observed among individuals assigned to the subspecies of S. crassicaudata and S. virginiae.
Internal anatomy.-Differences between forms were also seen in the corpus cavernosum and the urethral opening. These differences are illustrated with reference to a representative species of each form by means of drawings of the ventral aspect of the free portion of the penis showing a plan view of the corpus cavernosum, of the dorsal aspect of the tip of the penis, and of a series of sections through the tip at the levels indicated by the bars between the drawings of the ventral and dorsal aspects of the tip (Figs. 3 and 4) . The ventral surface of each section is shown uppermost. The corpus spongiosum surrounds the urethra and expands around the corpus cavernosum in the free portion of the penis but, for simplicity, is not delineated in the sectional drawings.
The corpus cavernosum bifurcates in the free portion of the penis of all species (Figs. 3 and 4) and, if the median process at the tip of the penis of S. granulipes is regarded as an ''extension'' of the basic penis form, terminates close to the distal end of the penis in all species except S. leucopus. In S. leucopus it terminates in the proximal end of the knoblike tip. No accessory erectile tissue derived from the corpus cavernosum was found in any species of Sminthopsis.
The urethra is seen as a small, roughly circular tube in sections through the shaft of the penis. Distal to the bifurcation of the corpus cavernosum it widens before opening to the exterior. The level at which the urethra ceases to be a complete tube, opening dorsally in forms 1-8 and ventrally in forms 9 and 10, is indicated in Figs. 3a and 4a by the bar below the level of bifurcation of the corpus cavernosum. In forms with a bifid tip the urethra opens into urethral grooves, distinct channels that lie either on the mesial aspect (forms 1-4), or on the ventral aspect (form 9), of the bifid portion of the penis. In forms lacking a bifid tip the urethra opens into a chamber that is either shallow (forms 5 and 6) or deep (forms 7, 8, and 10).
Characteristics of the 10 penis forms.-The characteristics of the 10 penis forms are summarized in Table 2 , where it can be seen that some features link various forms together. Twelve species (forms 1-4) have in common a slightly bifid tip, a dorsal urethral opening, and mesial urethral grooves but there are differences between forms in the ventral lobe and subterminal skin fold. Three species (forms 5 and 6) have a blunt tip, dorsal urethral opening, and a shallow urethral chamber but there is a marked difference between forms 5 and 6 in the skin fold (see Figs. 2 and 3) . Two species (forms 9 and 10) have in common a ventral urethral opening, a feature that distinguishes them from all other species of Sminthopsis. Another 2 species (forms 7 and 8) are each distinguished from all others by the external form of the tip but the internal anatomy of forms 7 and 8, excluding the ''extension'' in form 8, is very similar (Fig. 3) .
Phylogenetic implications of penis characters.-The data matrix for parsimony analysis (Table 3) includes 5 characters derived from those in Table 2 but coded for independence. Thus, the correlated features ''urethral grooves'' and ''urethral chamber'' in Table 2 were considered a single character (''terminal passage'') with 4 states. Parsimony analysis of the 19-taxon matrix recovered 36 minimum-length trees (16 steps in length), the strict consensus of which resolved only the sister-pairing of S. murina and S. gilberti (form 3). Reanalysis of the matrix with the 10 penis forms as operational taxonomic units recovered a single tree of 16 steps in length. To facilitate comparisons with other phylogenies, this tree was rooted arbitrarily between form 10 (S. psammophila) and the other forms, and the terminal branch for each form was replaced by its constituent species in a soft polytomy (Fig. 5) . Reflecting the pattern evident in Table 2 , forms 1-4 appear as neighbors in this tree, as do forms 5 and 6 and forms 7 and 8. The tree requires 16 state transformations of penis characters (consistency index [CI] ¼ 0.94), the only homoplastic change being parallel development of a ventral skin fold (state 0) in form 9 (S. longicaudata) and the ancestor of forms 1, 2, and 4. 
DISCUSSION
Previous studies on the anatomy of the penis of dasyurid marsupials have revealed that some species have accessory erectile tissue that may form an appendage to the penis (Woolley 1982; Woolley and Webb 1977) . In Sminthopsis, no accessory erectile tissue has been found. Differences also have been found in other dasyurids in the length of the levator muscles, which may be short, medium, or long, and in the form of the tip, which may be either bifid or blunt (Woolley 1982 (Woolley , 1987 . In all species of Sminthopsis the levator muscles are classed as long, but the form of the tip of the penis is variable, being bifid in some, blunt in others, and in one it terminates in a tapered median process, making this species (S. granulipes) unique in this respect among the dasyurid marsupials that have been examined to date. The extent of bifurcation of the tip in Sminthopsis is not as great as in Antechinus (see Group 1-Woolley 1982) . It should be noted that in previous studies on the morphology of the penis of dasyurids that species lacking a bifid tip have been described as having ''short urethral grooves'' (Woolley 1982:table 2; Woolley 1987 ) but these species, in fact, have urethral chambers. With the exception of S. longicaudata and S. psammophila the urethra opens dorsally in all species of dasyurid marsupials reported on to date by Woolley (1982 Woolley ( , 1987 . Penis morphology was not found to be useful for distinguishing the subspecies of S. crassicaudata and S. virginiae studied.
Based on features of both external and internal anatomy 10 forms of the tip of the penis can be recognized among the 19 species of Sminthopsis. A summary (Table 4 ) of the species composition of each of these 10 forms, together with the interspecific affinities based on other anatomical characters proposed by Tate (1947) , Archer (1981) , and Van Dyck et al. (1994) show little congruence. No greater congruence is established by grouping those forms (i.e., 1-4, 5, and 6) that have some features in common (see Table 2 ). (Archer 1981; Tate 1947; Van Dyck et al. 1994 ) and molecular studies (Blacket et al. 1999 (Blacket et al. , 2006 . Solid circles represent the species included in studies by others. * ¼ Tate's (1947) Sminthopsis fuliginosus, here assumed to be S. griseoventer; þ ¼ placed in group 1 by Blacket et al. (1999) ; # ¼ species tentatively included in group.
Greater congruence is apparent when the penis forms are compared to phylogenetic species groups defined by Blacket et al. (1999 Blacket et al. ( , 2006 . Form 1 consists of the Macroura species group and its sister species, S. crassicaudata (groups 1 and 2; Table 4 ). Form 2 comprises 3 of 4 species (''Clade b'' of Blacket et al. [1999] ) in group 5 (Table 4) . The other ''Clade b'' species is S. psammophila, which has a unique penis morphology (form 10). Forms 3, 4, 6, and 7 together constitute group 3 (Table 4) , the Murina species group of Blacket et al. (2006) . Form 5 (group 4, Table 4) is identical to ''Clade a'' of Blacket et al. (1999) . Forms 8 and 9, only tentatively included in group 5 (Table 4) , represent divergent species (S. granulipes and S. longicaudata, respectively) whose phylogenetic affinities within Sminthopsis were not resolved by molecular data.
Although congruence between penis forms and molecular phylogenetic groups is striking, that congruence breaks down to some extent when penis characters are analyzed cladistically. Of particular interest is the extent to which penis characters break up the well-supported Murina group delineated by molecular data. The 6 species comprising this group represent 4 different penis forms and occupy 4 distinct branches on the tree in Fig. 5 . Species pairings at the tips of branches in Fig. 5 show variable congruence with molecular results. Thus, Blacket et al. (2006) found S. murina and S. gilberti (form 3) to be sister species within the Murina group, but did not find such a relationship between S. archeri and S. butleri (form 4).
Given this pattern of phylogenetic congruence and conflict, it is interesting to evaluate the extent of morphological homoplasy implied by the molecular tree. When penis characters are mapped onto a tree of Sminthopsis relationships (Fig. 6 ) derived from Blacket et al. (1999 Blacket et al. ( , 2001 Blacket et al. ( , 2006 , 19 steps are required (CI ¼ 0.79), implying 4 homoplastic transformations. These homoplasies occur in tip, terminal passage (2), and skinfold characters, and in each case involve species of the Murina group (Fig. 6) . In contrast, the tree of Van Dyck et al. (1994) , based on external, cranial, and dental characters, requires 23 changes (CI ¼ 0.62), 7 more than the penis tree (Fig. 5) and 4 more than the molecular tree (Fig. 6) . In particular, the ventral lobe character exhibits a poor fit to the tree of Van Dyck et al. (1994) , requiring 4 homoplastic steps to explain its character state distribution.
Collectively, these comparative analyses suggest 2 things. First, Sminthopsis penis forms largely correspond with phylogenetic groupings based on DNA sequences. Second, penis morphology and DNA sequences conflict on the relationships they imply among penis forms. However, the DNA tree requires less homoplasy in penis characters than does the most recently published phylogeny based on external, cranial, and dental data (Van Dyck et al. 1994) . The source of conflicting phylogenetic signal is localized to the Murina group but the degree of conflict is not high. Penis characters evolving on the molecular tree show only a 16% reduction in their consistency index (0.94 to 0.79). Our results raise the interesting possibility that members of the Murina group, which diversified some 8 million years ago (Krajewski and Westerman 2003) , have experienced accelerated evolution of their penis anatomy, resulting in novel penis forms distributed among otherwise closely related species.
Although a detailed discussion of the implications of current biogeographic distribution patterns of evolution in the genus Sminthopsis is beyond the scope of this paper, some general points can be made. Three of the penis forms (3, 4, and 5) each have constituent species pairs with distributions (see Fig. 1 ) suggestive of relatively recent divergences. Thus S. aitkeni occurs on Kangaroo Island and S. griseoventer on the mainland, in South Australia (Eyre Peninsula) and southwestern Western Australia; S. gilberti and S. murina represent western and eastern distributions, and S. butleri and Australian S. archeri are found to the west and east of the Gulf of Carpentaria, respectively. Yet, as noted above, molecular divergence estimates suggest that all 3 are late Miocene events.
